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TABLE 1 .--Values of funct ions used in constructing the al ignment  LITERATURE 
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CERTAIN LIMITATIONS ON THE POSSIBLE VALUES OF THE RATIO OF HEAT LOSSES 
BY CONVECTION A N D  BY EVAPORATION AT A WATER SURFACE 

By N. W. CCJMMINGS 
[Scripps Institution of Oceanography of the University of California, La Jolla, Calif.] 

An alignment diagram has recentsly been prepared for 
the rapid coniput'ation of the rat,io of the two quantitie,s 
of heat leaving a water surface (see prece,ding paper). 
In  ctddit,ion to facilitating routine c.omputat,ions t,he 
diagram,is;useful as a rapid means of setting limits on 
the value that (R)  can assiiine under certain specified 
conditions which alone are not sufficient for its exact 
evaluat,ion. The explanation of t)his use of it, mill be 
post,poned, however, until certain conclusions based on 
t,he general principles of tmhermodynaniics shall have hee.11 
drawn. 

The at,inosphere obta.ins most of it,s heat from the 
surface of t>he eart,h, and must there,fore for the earth 
as a whole be colder than t,he eart,li's surface. Since a 
large part of the eart,h is covered wit,h wat,er, the wat.tr 
must in general be warmer t,lian the air at the surface 
of contact. Alt,liough t.here may be isolated ca.se,s in 
which t,he air is warmer, they must be re,ga,rded as the 
exception rather than the rule. This deduckion agree.s 
with ohservat,ion. It, is, of course, understood tjliat8 daily 
averages are referred to; at, c.e.rtnin times of day the Rir 
is w m m r  almost anywhere. 

Sinc.e negative evaporations from large bodies of 1vat)e.r 
are rare it follows that, from the meteorological stancl- 
point, positive values of (R)  are more interest,ing t,han 
negat,ive. Negative values of (R)  conibined wit,h posi- 
tive evaporat,ions tend nat8iirally to eliminate themselves 
because when (R)  is negative t8he water is almost sure 
t,o be warming rapidly a.nd (R)  is thus in the act of 
bec.orning positive, unless very cold w a t a  is being sup- 
plkd rapidly. The discussion will be limited therefore 
to positive values of (T ,  - T,). 

Under these conditions evaporation rather than con- 
clensation is taking place. For any given air tempera- 
ture and water temperature, then, (R)  will be a maximum 
when wet and dry bulb temperatures are equal, because 
this condition makes (Pa) a niaximuni and therefore 
malres the denominator of the fraction a minimum, 
mnking the fraction ns a whole a maximum. I t  follows 
that for the purpose of estimating (R,,J, the maximum 
ralue of (R) ,  (Pa) may be regarded as the pressure of 
saturated rapor at the temperature of the dry bulb. 

For a given air temperature when wet and dry bulb 
are equal, ( R )  must increase as (Tw) decreases. This is 

At 
decreases as the temperature ( t )  decreases and conse- 

dt 

evident from the fact that for saturated vapor- AP 

quently reaches a minimum at  the limit -- dP For any 

given nir temperature, therefore, we may easily deter- 
mine the greatest possible value of ( R )  by dividing .46 

b;v du. 
dt 

This derivative or the corresponding (R) may be 
computed in various ways: 

(1) Directly from a table of saturated vapor pressures. 
This can be done most accurately by numerical differ- 
entiation, as described by von Sanden. 

(2)  From the well-known Clapeyron equation 
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(3) By the aid of a variety of empirical equations. 
The following empirical equation was worked out by 
Doctor McEwen. It is based upon tabular values of 
saturated vapor pressures corresponding to a series of 
absolute temperatures, t. 
$=0.48393- 0.005570t + 0.0021111t 2-0.00001446664t 

(4) The point a t  which the (R) locus of the alignment 
diagram is intersected by a line drawn tangent to the 
water-temperature locus a t  the point corresponding to 
the given air temperature represents the required value 
of ( R ) .  

The values of (R,) obtained by these different methods 
are entered in Table 1. The relation between air tem- 
perature and (R,) is shown by Figure 1. It is interest- 

region, then the average evaporation over a long period 
of time is never gre.at,er than 100 per cent of the evaporat- 
ing p0we.r of the net radiation. 

Conseque,nt,ly, suhjwt to t,he limitations specified, t,he 
evaporation must, a1wa.ys lie be.tween 42 per cent find 100 
per cent of t,he evaporat,ing p0we.r of the net, radiat,ion. 
It should be observed that these are est,reme liniits based 
on ext'renie temperatures and humidit,ies. Actually t'he 
probability hhat t,he percenta.ge will eve.r be as low as 
forty-t,wo is extremely small, because the wet bulb is 
never higher t'han t,he dry bulb, but is ne,arly always 
lower ; consequently t,he average rnus t be appreciably 
lower. I t  ca.n easily be seen froin the alignment c,hart 
that, as the differe,nce bet,ween we.t and dry bulb increases, 
the value of (R) rapidly decreases. 

ing to note that when t8he air t,emperature is 0' C. (R,) 
is 1.3s. Mont8hly air temperatures as low as 0' C. are 
usually not important from the standpoint of evaporation 
for two reasons: 

(1) They occur only during the colder months and then 
only over a small part of the earth's surface. 

(2) Under such conditions the vapor pressure of thc 
wate,r and, therefore, the evaporation rate are always 
small. 

If we ignore all cases in which the air temperature is 
less than 0' C. and also those cases in which cold water 
is streaming through the volume under any particular 
area considered, we may say that the average evapora- 
tion from the area for a lcmg period of time is never less 
than m s = 4 2  per cent of the evaporating power of the 
escess of incoming over outgoing radiation. If, on the 
other hand, we ignore negatlve values of (R)  and those 
cases in which warm water is streaming through the 

1 

I This term is used by McEwen (1929 p. 244) to denote the evaporation equivalent of 
a definite quantity 01 energy, regardless'ol whether in the process considered the energy 
is all spent in evaporation or not. He applies the term to intensity of radiation pene- 
trating the surface signifying by it the depth of water which would be converted lnto 
vapor in unit time'if all the penetrating radiant energy were dissipated by that process. 
The term is here applied to the excess of incoming over outgoing radiation. In  the 
former case it is I/L, hut in the present instance it 1s (I-B)/L, 

TABLE 1.-Maximum values of ( R )  as computed bg various methods 

Temperature, centigmle y;A!$,$' C%%i;,gn Empirical Alignment 1 sting I 1 equation I diagram 
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Richardson, Kimball, Angot, Abbot, and others have 
conducted investigations regarding the relation between 
the intensity of solar radiation at  the outer limits of the 
earth's atmosphere and the intensity at the earth's sur- 
face. Although the problem is complex, some con- 
clusions of great value have been drawn. I t  is probable 
that these conclusions, together with the liniits which can 
be set on the values of (R), will be of great value in con- 
nection with theories of climatic change, particularly 
glaciation. 

The kind interest which Doctor McEwen of this insti- 
tution has taken in the preparation of this paper, aiicl 
also the valuable suggestions lie has offered, are gratefully 
acknowledged. 
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CHICAGO'S GREATEST SNOWSTORM, MARCH 25-26, 1930 
By OWEN T. LAY 

[Westher Bureau offire, Chicago, 111.. 4 p r i l  14. l:lSO] 

The great,e,st snowstorm in the history of Chicago 
occured on March 25-26, 1930. The total amount of 
snow was 19.2 inc,hes (awrage clepbh) a t  the We.at,her 
Bureau observatory at  the University of Chicago. The 
snow was badly drifted by the wind, and drifts 4 to 5 feet 
deep were to be found in all portmiom of the city. The 
storm continued uhhout interruption for 43 hours and 
45 minutes. The depth of 19.2 inc.hes e,xc,eeded by 4.3 
inches the total snowfall from any other single storm at 
Chicago, the previous record being 14.9 inches on Jan- 
uary 6-7, 1918. 

G E N E R A L  METEOROLOGICAL CONDITIONS 

On the e,vening of hlarch 22, 1930, a baroinet,ric cle- 
pression covered most of the Rocky Mountain re,gion and 
Great Plains. By 7 a. m. on the  23d it had deepened 
somewhat and moved east'ward, there then being t,wo 
centers of lowest pressiire, 29.60 inches in east,ern North 
Dakota and 29.62 inc.he.s in central Iowa. Snow wa.s 
falling over PC'isconsin and east,ern Minnesota. Within 
the nest 12 hours there was litatla change in the int,ensit,y 
of the storm and both centers moved slowly east-sout,li- 
eastward, with rain in Illinois and southern Wisconsin 
and mostly cloudy weather thence northuwst,ward. 

By the morning of t,he 24th t.he northern center had 
practically disappeared and the southem center hac1 
moved from southeastern Iowa t,o west-central Indiana, 
with little change in int,ensity. During the nest 12 hours, 
ending at  7 p. ni. on the 24t,h, the center had advanced to 
estrenie eastern Ohio but appeared only IIS a loop in the 
isobar, while a new ce.nt,er had apparent'ly de,veloped o w r  
sout,heastern hlissouri and advance,d tfo sout.hern Indiana. 

During the next 12 hours, ending at  7 a. m. on the. 25t,h, 
the center o w r  southern Indiana remaine,d prac.tic.ally 
stat>ionary with an increase in intensity from 29.54 inches 
t,o 29.28 inches, while the eastern loop had disappe,ared. 
By evening the main center of the st,orm had adva.nre:d t.0 
western Lake Ontario, but anot,her cente,r was left over 
east-central Indiana. By hhe morning of t,he 26th t,lie 
eastern ce,nt,er had a.dvance,d to extreme, southern Qwhec., 
Montreal, 29.04 inches, and bhe western center had move,d 
nort,h-northeast,ward to t'he Georgian Bay region, Parry 
Sound, 28.98 inches, and bv t,he night of the 26th t,he 
eastern cent,er had pract,ically disappeared and t,he. west- 
ern center conhinued to move nort,h-nort,lieast~~-ard, 
Doucet, Quebec, 29.10 inches. 

The heaviest snow at Chicago occurred on 6he. 25t'h 
wit8h strong northeast' winds from off Lake Michigan. 
These winds persisted bhroughout the 25tmh up to about 

6 p. ni., ninetieth meridian time, when they backed to 
northwest and continued from that direction until 8 : 55 
p. in. of the 26th. Gust relocitieq on the 25th ranged 
from 35 to 50 miles an huur from the northeast. During 
this time the storni center wns over central and southern 
Indiana where i t  renmnined practically stationary for 
about 24 hours. T h t  fact remains to be esplained; 
apparently i t  was due to the aclrance from the west of a 
fresh fall in the barometer that sent the surface pressure 
down to 29.2s inches, and naturttlly caused strong north- 
elist winds to continue to blow over the southern end of 
Lake hiichigan with the results described herein. 

LOCAL CHARACTERISTICS O F  T H E  STORM 

Starting with rain on the %th, the temperature fell 
slowly and the rain first became mixed with sleet, then 
chtinged to snow. The air became filled with large snow- 
flakes, and the wet character of the snow at first, in con- 
nection with high northeast winds, caused i t  to adhere to 
automobile wiiidshielcls, windows, and buildings. Many 
accidents rewltecl during this period of poor visibility, 
which extended through niost of the 25th. 

The lateness of the season added tin element of suTprise 
and unprep:iredness. Few autoniohiles were equipped 
with chains, and trnnsportation organizations were not in 
readiness to combat the storni. 

RFFECTS 

The continued stalling of automobiles and trucks on 
car trncks made the constant operation of snow plows and 
street cars difficult or even impossible. Furthermore, 
automobile and truck traffic early in the storm served to 
pack the wet snow into soft ice that later had to be re- 
moved frnni street-car tracks by the use of picks and 
sliovelq. hlany nutomobiles were abandoned in the 
streets. By noon on the 25th surface car service was 
prscticallg a t  a standstill, suburhan trains were moving 
with difiiciilty, ancl deliveries by motor vehicle had almost 
ceased. This imposed an extra burden upon the elevated 
lines. and that service was slowed up greatly because of 
the great crowcls at the stations and on the trains. 

JYorkers experienced riiuch difficulty in reaching their 
places of employment and in returning to their homes 
on the 35th and %th, and the down-town hotels were 
crowded. hlany places of business closecl early to enable 
their employees to reach their homes. In many cases 
those mho carne to work or returned home floundered 
through the snow for several miles to reach transporta- 
tion that was moving on elevated tracks. 


